Cobalt ferrite ͑CoFe 2 O 4 ͒ possesses excellent chemical stability, good mechanical hardness, and a large positive first order crystalline anisotropy constant, making it a promising candidate for magneto-optical recording media. In addition to precise control of the composition and structure of CoFe 2 O 4 , its practical application will require the capability to control particle size at the nanoscale. The results of a synthesis approach in which size control is achieved by modifying the oversaturation conditions during ferrite formation in water through a modified coprecipitation approach are reported. X-ray diffraction, transmission electron microscopy ͑TEM͒ diffraction, and TEM energy-dispersive x-ray spectroscopy analyses confirmed the formation of the nanoscale cobalt ferrite. M-H measurements verified the strong influence of synthesis conditions on crystal size and hence, on the magnetic properties of ferrite nanocrystals. The room-temperature coercivity values increased from 460 up to 4626 Oe under optimum synthesis conditions determined from a 2 3 factorial design.
I. INTRODUCTION
Magnetic nanoparticles have been the subject of intense research because of their potential applications in highdensity magnetic recording, magnetic fluids, 1,2 etc. Among the various ferrite materials for magnetic recording applications, cobalt ferrite ͑CoFe 2 O 4 ͒ has been widely studied because it possesses excellent chemical stability and good mechanical hardness. In addition to the precise control on the composition and structure of CoFe 2 O 4 , the success of its practical application relies on the capability of controlling crystal size within the superparamagnetic and single domain limits. Since the crystal size corresponding to the superparamagnetic limit has been estimated at 5 nm, any effort to increase the coercivity in single crystals should consider the crystal growth above this critical value. 3 It is known that the crystal size is related to the relative interdependence between the nucleation and growth steps, which, in turn, can strongly be affected by the solution chemistry and precipitation conditions. [4] [5] [6] Several synthesis methods have been employed to control particle size and shape, ion distribution, structure and hence, the magnetic properties of ferrites. [7] [8] [9] [10] Related literature was focused on the synthesis of cobalt ferrite in the superparamagnetic region ͑where no significant enhancement of coercivity is possible͒ 3, 8, [10] [11] [12] or polycrystalline multidomain particles, 13, 14 in which case coercivity is expected to decrease. To our understanding, there is still a lack of a systematic attempt to restrict the growth of single nanocrystals within the magnetic single domain region where enhancement of coercivity could be achieved. Accordingly, we present a modified coprecipitation synthesis technique that controls the growth of cobalt ferrite single nanocrystals to achieve high room-temperature ͑RT͒ coercivity and moderate magnetization at the nanoscale. This size-controlled synthesis approach became possible by controlling the oversaturation conditions during ferrite formation in aqueous solutions. Optimum oversaturation was achieved by a suitable selection of synthesis conditions and precise monitoring of the feeding flow rate of reactant solutions under intensive heating conditions.
II. EXPERIMENTAL

A. Materials
All reagents were of analytical grade and were used without further purification. Required weights of CoCl 2 ·6H 2 O and FeCl 3 ·6H 2 O salts were dissolved in distilled water to produce a solution with Fe:Co mole ratio of 2:1. An aqueous solution of NaOH was used as the precipitant agent.
B. Synthesis of cobalt ferrite nanocrystals
The ferrite nanocrystals were synthesized by conventional and modified coprecipitation method. In the conventional approach, an aqueous solution of 0.055M Co͑II͒ and 0.11M Fe͑III͒ was rapidly contacted with an excess of hydroxide ͑OH − ͒ ions. The hydrolysis reaction in the presence of an excess of OH − ions leads to the formation of a paramagnetic Fe-Co hydroxide, which undergoes dehydration and atomic rearrangement conducive to a ferrite structure. ferrite formation. Cobalt ferrite nanocrystals were washed out with distilled water, dried in air at 80°C, and characterized. In order to enhance the magnetic properties of the crystal by promoting their growth, the control of the oversaturation conditions in the reaction solution was attempted. Accordingly, the conventional coprecipitation route was modified by controlling the flow rate of addition of the metal ions solution to the alkaline one under boiling conditions. 5 For this purpose, a microperistaltic pump with precise control of flow rate was used.
C. Nanocrystal characterization
Dried powders were characterized using x-ray diffraction ͑XRD͒ and superconducting quantum interference device ͑SQUID͒ techniques. The average crystallite size of produced powders was estimated by using Scherrer's equation for the ͑440͒ peak. Transmission electron microscopy ͑TEM͒ and energy-dispersive x-Ray spectroscopy ͑EDS͒ in a CM200 UTWIN TEM unit were used to study the morphology, structure, and composition of the nanocrystals.
III. RESULTS AND DISCUSSION
A. XRD Analyses
XRD analyses confirmed the formation of the ferrite structure for a reaction time as short as 5 min. The concentration of NaOH was 0.48M for all these experiments. Under noncontrolled flow-rate conditions, i.e., by following the conventional coprecipitation approach, the average crystallite size varied from 12 to 14 nm as the reaction time was increased from 5 to 180 min, respectively. Although minor, the increase in average crystallite size for longer reaction times could be attributed to crystal growth, favored by Oswald-ripening process. 15 The ferrite lattice parameter was estimated at 8.38Ϯ 0.02 Å, which is in good agreement with the bulk value of 8.377 Å.
16 Figure 1 shows the XRD patterns for the ferrites produced at different flow-rates of reactants addition and 60 min of reaction. As seen, the crystallinity of the ferrite products was very sensitive to the variation in flow rate. Broad and noisy XRD peaks were observed for the sample synthesized at 1 ml/ min. This peak broadening suggests a poor development of the ferrite structure and was attributed to the extremely low saturation conditions established at such a low flow rate. In turn, welldefined and sharp peaks corresponding to the ferrite structure were observed for the solids synthesized at flow-rates above 1 ml/ min. The corresponding average crystallite size values varied from 31 to 24 nm for flow rates between 1 and 10 ml/ min, respectively. These sizes are almost 2.5 times larger than the average crystallite size obtained with no control of the flow rate. The establishment of suitable conditions for heterogeneous nucleation, where earlier nuclei should have acted as preexistent seeds, should have promoted crystal growth.
B. TEM analyses
TEM images of ferrite samples produced at 10 ml/ min and 5 and 60 min of reaction are shown in Figs. 2͑a͒ and 2͑b͒, respectively. Particles were polydisperse; however, the promotion of crystal growth by prolonging the reaction time was evidenced. The size distribution was not determined because of the aggregation of the particles but particle sizes between 10 and 50 nm were observed. Figure 2͑c͒ shows the electron diffraction ͑ED͒ patterns of nanocrystals produced at 10 min of reaction with no control of flow rate. All crystallographic planes in the ED pattern are in good agreement with those of CoFe 2 O 4 evidencing the good crystallinity of the product. A standardless TEM-EDS analysis reported Co, Fe, and O atomic percents of 13.04%, 29.57%, and 57.39%, respectively. These results are very similar to the theoretical ferrite composition ͑Co= 14.28%, Fe= 28.57%, O = 57.14%͒.
C. SQUID measurements
Room-temperature M-H measurements confirmed the influence of the synthesis conditions on the magnetic properties of ferrite nanocrystals. The coercivity was increased dramatically under controlled flow-rate conditions ͑Fig. 3͒. This parameter increased from 460 Oe, ͑no control on flow rate͒, up to 1597 Oe for 5 ml/ min and 60 min of reaction. The corresponding maximum magnetization for this sample was 38 emu/ g. The magnetization went up to 57 emu/ g for the solids produced with a flow rate of 10 ml/ min. The presence of superparamagnetic particles is suggested by the lack of saturation of the M-H curve, even for an applied field as high as 5 T. In turn, the drastic enhancement in coercivity can be attributed to the promotion of crystal growth within the single domain region, as suggested by XRD and TEM analyses. 
D. Factorial design
A factorial statistical design permits the simultaneous examination of the effects of independent variables ͑synthe-sis parameters͒ and the interactions between them on a response ͑dependent variable͒. 17, 18 Accordingly, a 2 3 factorial design-that considered three parameters and two levels for each one-was used to determine which synthesis parameters would exert more influence on the coercivity of ferrite nanocrystals. The levels of the synthesis parameters in the factorial design were defined based on the trends observed in the previous experiments. Accordingly, to investigate the effect of the reaction time, flow rate and NaOH concentration two levels for each one of these parameters ͑5 and 180 min, 0.85 and 20 ml/ min, 0.34M and 0.54M, respectively͒ were considered. All these experiments were carried out under intensive heating conditions, where a burner was used instead of a hot plate. Table I summarizes the experimental conditions and the obtained coercivity values ͑dependent variable͒. In this table, the high and low levels of the synthesis parameters are represented by the ͑ϩ͒ and ͑Ϫ͒ signs. For example, 180 and 5 min were the high and low levels, respectively, for the reaction time. These experiments were complemented with three replicates at the center of the design to estimate the experimental error. Coercivity values between 870 Oe ͑combination "ab:" 180 min of reaction, flow rate of 20 ml/ min, and NaOH 0.34M͒ and 4626 Oe ͑combination "a:" 180 min of reaction, flow rate of 0.85 mL/ min, and NaOH 0.34M͒, were achieved. The average crystallite size for the nanocrystals with the highest coercivity was estimated at 20 nm. The coercivity of 4.6 kOe is close to the theoretical prediction of 5.3 kOe calculated for a system of noninteracting single domain cobalt ferrite particles with cubic anisotropy 19 and the 5.4 kOe considered for bulk, i.e., microcrystalline cobalt ferrite. The statistical anlysis of the obtained data suggested that both the flow rate of addition of reactants and NaOH concentration were the most significant parameters at a level of confidence of 99% and 95%, respectively. 
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